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Chapter 4
Charge ordering signatures in the
optical properties of β−Na0.33V2O5
Temperature dependent optical spectra are reported for β−Na0.33V2O5. The sodium
ordering transition at TNa = 240 K, and in particular the charge ordering transition at
TMI = 136 K strongly influence the optical spectra. The metal-insulator transition at
TMI leads to the opening of a psuedogap (h¯ω = 1700 cm
−1), and to the appearance of a
large number of optical phonons. These observations, and the presence of a mid-infrared
band, typical for low-dimensional metals, strongly suggests that the charge carriers in
β−Na0.33V2O5 are small polarons.
4.1 Introduction
In some solid state materials, the movement of the electrons may be considered as
taking place in a rigid environment of nuclei, and in others the vibrational degrees of
freedom of the nuclei must be taken into account. A general criteria of distinguishing
the two cases is given by the Born-Oppeinheimer principle. Consider the case when the
electron density is high. Then the Fermi velocity vF of electrons is also high. As a
result, because the mass of nuclei is much higher than that of the electrons, the nuclei
can’t ”follow” the electronic excitations any more. Consequently, the electrons can be
seen as moving in an rigid environment given by the average potential of the nuclei.
However, if the system of electrons is very dilute, vF is no longer large, and the above
Born-Oppeinheimer limit breaks down. The nuclei can now ”follow” partly the electrons.
The electron moves in the crystal disturbing the nuclei in its vicinity, forming a so-called
polaron.
The literature makes a distinction [117] between materials where the electron affect
the atoms at large distances (large polarons) and the electrons which affect the atoms only
at small distances (small polarons). There does not seems to be a general experimental
criteria for clearly identifying when this polaronic behavior is big enough to be taken into
account. However, there are specific characteristics, and those include optical spectra, as
it is the case for the material studied in this chapter, β-Na0.33V2O5.
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In some polaronic materials, such as Fe3O4 and Ti4O7 [118], a metal-insulator transi-
tion (MIT) is induced by small polaron ordering (Verwey state) at a certain temperature.
In general, low dimensional metals feature a variety of MIT resulting from electron-phonon
or electron-electron interactions. In charge density wave systems, like NbSe3 [119] and
K0.3MoO3 [120, 121], a MI transition is induced by a strong electron-phonon coupling
(Peierls state). Also in systems lacking sufficiently strong electron-phonon interaction,
such as for instance (Me2 − DCNQI)2Li1−xCux [122, 123], a MIT may occur due to
charge ordering resulting from electronic Coulomb interactions (Wigner crystal).
Materials presenting a MIT in the cases where the properties are dominated by
electron-phonon interaction often show the appearance of a large number of phonons
in the infrared spectrum in the insulating state (along the chain direction if the are one-
dimensional). This phenomena has been found in several materials [118–121], including
those showing a Verwey transition. One of the intriguing features is that they may show a
so called mid-infrared band in the optical spectra. It has been argued that for Fe2O3 [124]
and many other materials [117] that the mid-infrared band can be understood as a pola-
ronic response. However, also materials where Hubbard physics dominates may show a rel-
atively strong mid-infrared band resulting from intra-band transitions[122, 123, 125, 126].
We present here another 1D material showing a MIT, namely β-Na0.33V2O5 which
has the above discussed features: 1) in the insulating state many new infrared active
phonons develop in the chain direction and 2) a strong mid-infrared band is present. The
recent discovery[17] of a clear metal-insulator transition (MIT) in the vanadium bronze
β−Na0.33V2O5 has sparked a revival of interest in this quasi-1D metallic system. In addi-
tion to the MIT, where a redistribution of the charge carriers on the V atoms was proposed
to take place[127], β−Na0.33V2O5 undergoes a structural sodium ordering transition at
higher temperatures, a magnetic transition at low temperatures, and a transition into a
superconducting state under high pressure[21].
In our data we observe the appearance of a large number of optical phonons in the
chain direction, just below the MIT, which can be put in connection with similar effects on
the usual CDW systems. This effect was clearly established in the 1D charge density wave
systems NbSe3 [119] and K0.3MoO3 [120, 121], where the new phonon lines evolve below
the Peierls transition temperature. The effect was explained by M.J.Rice [128] for the
1D organic semiconductor TEA(TCNQ)2 in terms of the so-called phase-phonons. They
result from the coupling of the molecular vibrations to the conduction electrons, enhancing
thus their optical intensity in the chain direction, which otherwise may be small or not
present due the symmetry reasons. The model worked in the case of NbSe3 [119] as well.
The same appearance of many new phonon lines below a certain temperature was
observed in the polaronic materials Fe3O4 and Ti4O7 [118]. Their case can be very rel-
evant to our material, since both materials present the Verwey transition (that is the
ordering, below a certain temperature, of otherwise random small polarons, due to a
good balance between their kinetic and correlation energy) as it was also proposed for
β−NaxV2O5 [22]. The appearance of the sharp phonon lines below the Verwey tempera-
ture transition is however not yet explained. In Ref. [118], three models are put forward
for Fe3O4 and Ti4O7, including a fingerprint of bipolaronic order, tunnelling through a
double well potential barrier, or the phase-phonon approach of M.J.Rice [128]. There are
other similarities with these materials, which include the proposed presence of bi-polarons
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Figure 4.1: a) Room temperature structure of β−Na0.33V2O5 The available V sites are:
V1 (dark octahedra) , V2 (light octahedra) and V3 (light pyramids) b) An enlarged view
of the zig-zag chain consisting of two types of V1 atoms below TNa. At room temperature
the positions of V1 are equivalent.
in β−Na0.33V2O5 [23] and Ti4O7 [129].
A second similarity, as mentioned above, is the presence in β−Na0.33V2O5 of a mid-
infrared feature around 3000cm−1 for light polarized along the chain direction. A similar
feature is present also in Fe3O4, and it was assigned to the small-polaron transitions[124].
However, we found no temperature dependence in the low frequency region above the MIT
transition, in contrast to the expected [117] and measured[130] behavior of the small po-
larons. The presence of bi-polarons in β−Na0.33V2O5 (proposed by Chakraverty[23] in con-
junction with low temperature specific heat measurements) has been put under question
by later measurements of the temperature dependence of the magnetic susceptibility[17],
which indicated that the the spins remain unpaired for any temperature, implying that
spin-zero bi-polarons, if present at all, represent an insignificant fraction of the polaronic
charge carriers.
4.2 The structure and thermodynamical properties
The room temperature crystal structure [15, 16] of β−NaxV2O5 is shown in Fig. 4.1.
For x = 1/3, the unit cell is described by the formula NaV6O15. The six vanadium atoms
occupy three pairs of crystallographically distinct sites, labelled V1 (dark octahedra) , V2
(light octahedra) and V3 (light pyramids). The Na atoms occupy lattice positions which
can be represented as a ladder along the b axis (small black circles in Fig. 4.1).
In Nuclear Magnetic Resonance measurements it has been observed [131] that the 23Na




Figure 4.2: Lefthand panel: Temperature dependence of the resistivity for β−Na0.33V2O5.
Righthand panel: Temperature dependence of the magnetic susceptibility. Both figures
are reproduced from Ref. [17].
nuclei have no Knight shift, and consequently are monovalent, donating thus their outer s-
shell electrons to the V atoms. There is a controversy, between old and new measurements,
as regards on which V atoms these Na electrons go. In 1970 Goodenough [132] argued, on
the basis of the V-O bond lengths, that the electrons should enter either the dyz orbital
of the V1 atoms or the dzx orbital of the V2 atom, preferably the first one. The x, y, z axes
are presented in Fig.4.1, according to the choice of Goodenough [132]. He pointed out
that the electron, if present on the V1 site, would hop on site V3 via the intermediary O
atom, so a small occupancy of V3 would be expected as well in that case. Later, from the
measurements of the nuclear quadrupole effect [131] and anisotropic Knight shift of the
51V site [133], it was reported that most of the Na donated electrons are stabilized on the
dyz-orbitals of V1. A small fraction would be presented on the V3 as well [131, 134, 135],
but the V2 chain would be empty. However, recent measurements [127] report that these
electrons are shared among all three V chains above TMI' 130K, and that they condense
either on the V1 or the V2 chain below TMI' 130K.
For x = 1/3 in β−NaxV2O5 only 50 % of the lattice sites forming the Na ladder is
occupied. One possibility is that each rung of the Na ladder hosts one Na atom randomly
distributed between the lefthand and righthand side of the ladder. A recent paper [136]
suggests that the Na atoms may also form regular zigzag chains along the b axis, with
a 2b periodicity. Perpendicular to the b axis these zigzag chains would be randomly
distributed, and thus the probability of occupation for one site would be half on average.
Below room temperature, the system undergoes three phase transitions, shown in
Figures 4.2 and 4.3. Around TNa ' 240 K a 2nd order structural phase transition takes
place to a low temperature structure where the unit cell is doubled along the b direction,
as revealed by X-ray diffraction[17]. Recently it was reported [136] that this transition
takes place in two steps: a resistivity anomaly at TNa−2D = 240K was observed and a
hysteretic phase transition at TNa−3D = 222K. Generally, it is believed that the reported
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Figure 4.3: Left panel: Temperature dependence of the heat capacity for the stoichiomet-
ric and off-stoichiometric β−NaxV2O5 samples from Ref. [17]. Right panel: Temperature
dependence of the X-Ray diffraction peak revealing the doubling of the unit cell below
TNa from Ref. [137]
doubling of the unit cell is a result of the zig-zag pattern of Na atoms being present
below TNa. Lowering the temperature, a transition from metal above TMI = 136 K to
insulator below TMI takes place. This is accompanied by a tripling of the unit cell along
the b axis[18]. A magnetic transition from paramagnet above TCAF = 22 K to a canted
anti-ferromagnet below TCAF [19, 20] is also present.
These transitions are evident from the measurements presented in Fig. 4.2 and Fig. 4.3.
In the left panel of Fig. 4.2 the resistivity data is reproduced from [17]. It shows the one-
dimensional behavior of β−Na0.33V2O5: the resistivity along the chain direction b is two
order of magnitude smaller that the one perpendicular to the chains. The metal insulator
is presented around TMI = 136 K, above which a metallic behavior is observed. Above
TNa ' 240 K the resistivity for the b axis presents a plateau.
However, the metallic characteristics are rapidly lost for dopings away from x =
0.33 [17], and the MIT disappears as well (see Fig.4.3). The presence of metallic behavior
for only a sharply defined charge carrier concentration is different from conventional MIT
in 2 or 3 dimensions, where the metallic phase occurs in a broad range of carrier densities
above the critical value. The strange doping dependence of β−Na0.33V2O5 is probably due
to the combination of (i) quasi one-dimensionality and (ii) broken translational invariance
due to excess Na+-ions or Na-vacancies when x 6= 1/3. In other words, the potential cre-
ated by the neighboring Na atoms influences the movement of the electrons. Doping away
from 1/3 would create an empty or fully occupied rung of the Na ladder. This creates a
greater disturbing potential for the electrons than the rung occupied with exactly one Na
atom, as it the case for x = 1/3
The righthand panel of Fig. 4.2 presents the magnetic susceptibility of β−Na0.33V2O5.
If the magnetic transition at TMagn is easily visible, the other two transition are hardly
visible. Fig.4.3 presents two other important aspects of the β−Na0.33V2O5 samples. First,
the MI transition at TMI is very sensitive to doping, as mentioned earlier. For a doping
60 CHAPTER 4. CHARGE ORDERING SIGNATURES IN THE OPTICAL PROPERTIES OF β−NA0.33V2O5
of x = 0.34 the transition already disappeares, and the sample is insulating at all tem-
peratures [17]. The righthand side panel shows the intensity of the X-ray diffraction peak
related to the doubling of the unit cell. It is a result of the presence of the zig-zag Na
chains below TNa. The figure shows that this peak develops gradually, suggesting that
in fact the metal-insulator transition takes place at TMI = 136K, when the Na atoms
are fully ordered in zig-zag chains. This would strengthen our previous argument that
the Na potential influences strongly the movement of the electrons of the V chains. The
way it is doing it is unexpected, since at high temperature, where there is more disorder,
the system is metallic. However, the ordering which takes place below TNa allows the
formation of the insulating state, as will be argued in the remainder of this chapter.
4.3 Description of the experiment
Single crystals have been prepared as described in [17]. Two crystals with dimensions
of 6 × 1 × 0.5 mm have been used for collecting optical spectra, giving identical results.
One of them was checked on the X-ray diffractometer that it presents the tripling of the
unit cell at TMI having thus the right stoichiometry. Because of the needle shape of the
crystals, only one crystal face available was measured, namely (101).
We measured the reflectivity in the range 20-6000 cm−1 as a function of temperature
with polarization parallel to the b-direction (i.e. parallel to the conducting chains) and
with the polarization perpendicular to b. In Fig. 4.4 the reflectivity spectra are displayed
for some selected temperatures. In the inset Fig. 4.4e the reflectivity for the two samples
is compared. At low frequencies, the one which was plane parallel presented interference
fringes for E‖b , showing thus the insulating behavior of this direction.
In addition, we did temperature dependent spectroscopic ellipsometry measurements
and room temperature reflectivity measurements from 6000 to 36000 cm−1. With the
help of Kramers-Kronig relations, the optical conductivity was calculated between 20 and
36000 cm−1 (Fig. 4.5).
4.4 Room temperature data
Optical spectrum of a sample is a powerful tool in determining its electronic properties.
Its main features reflect the dipole allowed electronic excitations of the sample. For exam-
ple, the presence of a Drude peak implies a metallic behavior, and a constant reflectivity
for ω → 0 implies insulating behavior. The richness of the spectrum (as presented in 4.4)
may add additional information to the already established main features. We will try to
approach the presentation of the measured data by beginning with the high frequency
part, in Fig. 4.5.
4.4.1 High frequency excitations
Prominent bands around 3 eV similar to those in Fig. 4.5 have been been observed in
α′−NaV2O5 [90], and also in its ”matrix material” V2O5 [114–116]. They correspond to
charge transfer excitations between the occupied oxygen 2p levels and the empty vanadium







































 T = 5 K









































Figure 4.4: a) and b) Reflectivity spectra of β−Na0.33V2O5. Inset c): Zoom in for the E‖b
polarization. Inset d) Temperature dependence of the reflectivity for a selected frequency.
Inset e) Reflectivity of the insulating direction E ⊥ b for two samples measured. The
presence of fringes on the plane-parallel sample (2) shows that the samples are transparent
for this polarization.
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Figure 4.5: Optical conductivity at room temperature. Inset: The effective number of
electrons per V atom, calculated with formula 4.1 for two polarizations: E‖b (thin line)
and E ⊥ b(thick line)
3d states. This is important, because the insulating V2O5 has no electron donors for the V
chains. In a simple picture, there would be no electrons on the V-3d orbitals in V2O5. Most
probably however, their occupancy is not zero, since some covalent V-O bonds exist, being
especially strong for the shortest bonds. However, the electrons present in this covalent
bonds play no role in the low excitations, which mainly determine the physical properties.
The fact that there are no excitations lower than 3eV in V2O5 strongly suggest that those
excitations lower than 3eV, which are presented in the doped V2O5 related compounds,
come only from the Na donated electrons.
For E ⊥ b, σ(ω) of β−Na0.33V2O5 has an intense peak at 1eV (see Fig.4.5). By
integrating the intensity below the peak, and adopting the bare mass me and charge e
for the electrons, as well as the density of the V atoms nV , we can calculate an effective
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V-O α′-NaV2O5 α′-NaV2O5 β-NaxV2O5
T=300K T=15K T=300K
Va-O [A˚] 1.83 1.89 1.95
Vb-O [A˚] 1.83 1.76 1.78
Angle [◦] 140.8 141.5 134.24
Va-Vb [A˚] 3.44 3.44 3.44
Table 4.1: The dimensions of the V1-O5-V3 bond unit in β−Na0.33V2O5 and of the rung
V-O-V bond in α′-NaV2O5 (The Va and Vb refer to the vanadium atoms of the V-O-V
bond considered). The values are taken from Ref. [15]and Ref. [81].









If integrating only the valence electron transitions up to∞, this should yield n∗(∞) =
1/6, the average occupation number of 3d electrons on V atoms. The result is presented
in the inset in Fig.4.5. We obtain a n∗ of about 0.052 if the integration is carried out up to
15000 cm−1 that is n∗(15000) = 0.052. This number is only three times smaller than the
average occupation number of 3d electrons on V atoms, which is n = 1/6. In analogy with
the case of α′-NaV2O5 [89], this transition cannot be an on-site d− d transition, because
its intensity is high. On-site d − d transitions are optically forbidden by symmetry in
the free atom, but in the crystal they can be visible, due to breaking of this symmetry.
However, their intensity would be small, and this is not case here. Thus it may be a
charge transfer transition.
In α′−NaV2O5 a transition around the same energy has been attributed to a bonding-
antibonding transition inside the V-O-V rung [89, 90]. As discussed in the introduction, in
β-Na0.33V2O5 it is was suggested that most of the electrons occupy the V1 chains [131, 133,
135], even though new measurements suggest that the electrons are spread on all three
V sites [127]. If the donated 3d electrons occupy mainly the V1, a very good candidate
exists for this transition. To create the transition at 1 eV in the direction E ⊥ b and in
the plane (101), the electron may hop to the V3 due to a large V1-O-V3 angle. The V1-V3
direction is also close to the direction of the polarization of the light.
In fact, the molecular unit V1(dyz) - O5(p) - V3(t2g), was also identified by Good-
enough [132] as giving strong electron-phonon interaction. In Table 4.1 we present a
comparison between the V-O-V rung molecular unit of α′-NaV2O5 and the unit V1-O5-V3
of β-NaxV2O5. As we can see, the values are quite close. However, one should also note
that in β-Na0.33V2O5 the V atoms have different on-site potential, since they are inequiv-
alent. The shape is also broader in the case of β-Na0.33V2O5. Its intensity is smaller as
compared to the case of α’-NaV2O5 because the number of electrons is also smaller.
4.4.2 Mid-Infrared feature
In a previous study[138], a minimum in the E‖b reflectivity at 7200 cm−1 has been
attributed to a plasma edge. We can see from the Fig. 4.5 that the main contribution





















































Figure 4.6: Optical conductivity for E‖b (a) and E ⊥ b (b), plotted for few frequen-
cies. The two small deaps on the top of the mid-infrared feature (around 3000cm−1) for
E‖b (a) come from water absorbtion. Inset c): Temperature dependence of the optical
conductivity for a selected frequency.
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to the oscillator strength associated with this plasma minimum arises from a prominent
mid-infrared band centered at 3000 cm−1, and not from the free carriers. From the inset of
Fig. 4.5 the spectral weight of the mid-infrared feature estimated from n∗ at 10000 cm−1
is about 0.1, that is n∗(10000) ' 0.1. This is close to the average occupation number
n = 1/6 of 3d electrons on V atoms. The high oscillator strength of the mid-infrared peak
as shown by the value of n∗ shows that it is given by the doped carriers.
As mentioned earlier, mid infrared peaks are predicted by various models, including
the small polaron model [117, 124] and Hubbard chains [123, 139]. As known, away from
half filling, the Hubbard chain gives metallic behavior. At filling close to 1/4, it also
give a peak at frequencies slightly higher than the hopping parameter t [123]. However,
there is no exact knowledge of the room temperature filling in β−Na0.33V2O5. Previous
anisotropic Knight shift data [133] suggested that most of the Na donated electrons are
stabilized on V1. Later, the presence on all three V sites was reported[127]. It could be
possible that most of the electrons are actually located on a single type of V site, since
a large redistribution of electrons at the MIT[127] would give new mid-infrared peaks
in the optical spectrum of both axes, which is not observed in the present work. The
system can be thus close to 1/4 filling, and if the electrons would stay mainly on V1 they
would form two weakly coupled linear chains [140] (see Fig.4.1b). The hopping parameter
inside the chain would be t = 0.2eV [140], thus close to the energy of the mid-infrared
peak. However, the spectral weight of the low frequency part of the mid-infrared peak
up to 1500cm−1 is about 10% of the total mid-infrared feature (see the inset of Fig.4.5),
much smaller however than the Drude weight expected from calculations [125, 141], which
exceeds 50%. Thus, the Hubbard model alone cannot account for the large amount of
oscillator strength present in the mid infrared peak.
On the other hand, the small polaron presents in optical conductivity not only a
peak at few times the frequency of phonons [117], but also a finite conductivity at low
frequencies. Our mid-infrared feature has a finite conductivity at low frequencies (see
Fig. 4.6), which extrapolates to 200 Ω−1cm−1 a value somewhat higher than the DC
conductivity 100 Ω−1cm−1 [17].
4.4.3 Far-infrared region
One can see from Fig.4.4 that β−Na0.33V2O5 is indeed a quasi 1D conductor: at low
frequencies, the b-axis reflectivity extrapolates to 100 % for ω → 0, which is a charac-
teristic feature of a conducting material. The corresponding extrapolated conductivity is
about 200 Ω−1cm−1 (see Fig.4.6a). This value is somewhat higher than the DC conduc-
tivity 100 Ω−1cm−1 obtained previously [17]. For E ⊥ b the reflectivity is characteristic
of an insulating material, and optical conductivity extrapolates to very low values.
At room temperature two prominent optical phonons are visible at 340cm−1 and 530
cm−1 E‖b , and several other for the perpendicular polarization E ⊥ b, as we can see
from Fig.4.6b. The complex of phonons around 970cm−1 in the E ⊥ b spectrum (see
Fig. 4.6b and Fig. 4.7) may be attributed to the vibrations of the short bonds V1-O4,
V2-O6, V3-O8. As can be seen from the structure [15], these bonds are perpendicular to
the b axis, explaining the absence of this vibrations in the E‖b spectrum. Their high
frequency is a result of the the fact that the bonds are short.
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Figure 4.7: The phonons given by the shortest V-O bonds presented only in the optical
spectrum for E ⊥ b. Inset: Temperature dependence of the intensity of two phonons:
990 cm−1 (empty triangles) and 950 cm (full squares) present in this spectrum.
The presence of strong electron-phonon coupling is deduced by integrating the intensity
in the phonon peaks for E‖b , and using the ionic charges of the atoms. The resulting
effective charge would be e∗ = 1 in the case of no electron-phonon coupling, but instead
we obtain e∗ = 1.9 at 300 K.
4.5 Low temperature data
In this section we present the evolution of the measured optical conductivity trough
the three phase transitions present in β−Na0.33V2O5: Na atom ordering (TNa ' 240K),
metal-insulator transition (TMI ' 136K), and the magnetic transition (TMagn= 22K).
4.5.1 The effect of the Na ordering on the optical spectra
The phase transition at TNa' 240K has little effect on the infrared spectra of the
metallic axis, but it presents new phonons in the insulating direction. A clear case where
the intensity develops for T < TNa is formed by the phonon at 990 cm
−1 which gradually
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develops in the insulating direction (see inset of Fig. 4.7). The same 2nd order type
evolution with temperature has been observed for the intensity of X-ray satellites[137]
corresponding to the doubling of the unit cell which take place below TMI thus to the Na
ordering (see Fig. 4.3). They both suggest that the MIT takes place at a temperature
where the Na atoms are fully ordered. This would strengthen our previous argument that
the Na potential influences strongly the movement of the electrons of the V chains.
4.5.2 Metal-insulator transition
The MIT has a clear effect on the optical spectra of the metallic axis (see Fig. 4.6a).
At 4K the low frequency part of the mid infrared feature, below 1700cm−1, it looks more
like a pseudo-gap. Inside this pseudo-gap, a large number of sharp optical absorption
lines evolve. This is exemplified also by the temperature dependence of σ(ω) for 750
cm−1 shown in the inset Fig .4.6c. The way this pseudo-gap develops below the MIT is
similar to the temperature dependence of the low frequency part of the polaronic peak
at 0.6eV in magnetite [130]. There, below the Vervey transition TV , the low frequency
part of the mid-infrared feature (the polaronic peak in that case) goes to zero, and thus
the opening of a gap was deduced [130]. In a similar fashion our low frequency part of
the mid-infrared peak at 3000cm−1 would go to zero, if the phonons and some electronic
continuum would not be present below 1700 cm−1.
There is however a major difference between magnetite and our sample. The gap which
opens in magnetite below the Vervey transition TV has the same energy as the activation
energy of D.C. electrical conductivity at low temperatures [130]. In β-Na0.33V2O5 the
activation energy of the D.C. conductivity estimated between 85K and 42K is 46meV [17]
(about 371 cm−1). Thus, this is much smaller that our observed energy of the pseudo-
gap, which is about 1700 cm−1. It looks like this pseudo-gap is not directly related
to the physical mechanism which determines the MIT, because the gap is expected to
have an energy close to the activation energy of the D.C. conductivity. In fact, we can
calculate a gap using the B.C.S. formula for the gap [142], 2∆ = 3.5∗kB ∗TMI = 317cm−1
or ∆ = 158cm−1 and this is indeed of the order of the activation energy of the D.C.
conductivity, even though half of its value. In usual CDW systems, one expects the
presence of the optical gap at about twice the value of the D.C. activated energy [128],
and we can only remark here that around that value, about 650cm−1 a continuum develops
in the metallic direction below the MIT, as we can see in see Fig.4.6. From the same figure,
a continuum is present around that energy, 700cm−1 at all temperatures, in the E ⊥ b
spectrum.
Below MIT, the infrared reflectivity spectra show the appearance of a large number
of sharp optical absorption lines for both polarizations (see Figs. 4.4, 4.6 and 4.8). For
E‖b we counted more than 60 additional peaks. They develop gradually below TMI =
136K. This is also illustrated by the temperature dependence of the 950 cm−1 phonon
shown in the inset of Fig. 4.7. However, as we can see from the inset Fig.4.4c, traces of
some of the additional phonons are still present in the 145 K spectrum. Some of them
can be viewed as splitting of the already present phonons (see Fig. 4.8), as for example at
105cm−1 147cm−1 180cm−1 191cm−1 for E ⊥ b, or 109cm−1 for E‖b . The large phonon
in the metallic direction at 515cm−1 seems to be split already above MIT. Even though
























































 T = 4K
 T= 200K
Figure 4.8: Splitting of some optical phonons, which takes place below the MIT temper-
ature TMI=136K. Inset of a): Pseudo-dielectric function ²2 in the high frequency range
for E‖b , showing no temperature dependence
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Figure 4.9: A zoom of the optical conductivity of the two directions at 5K.
a change in crystal structure takes place at TMI = 136K, which triples the unit cell along
b direction[18], we think that the appearance of so many new peaks is a result of strong
electron-phonon coupling. In other words, the new phonons are activated below TMI by
the structural change, but they become visible because they acquire strength from the
coupling with the charge degrees of freedom.
As discussed in the introduction, similar effects were observed in the CDW systems[119,
120] below the Peierls temperature, and polaronic materials [118] below the Verwey tran-
sition temperature. Both are in fact charge ordering mechanisms, and in this sense the
effect is a signature of this ordering. We want to stress here that β−Na0.33V2O5 is not
a usual CDW system, and the mid-infrared feature is not the CDW gap, since it exist
at all temperatures. However, this does not exclude the possibility that the MIT is a
CDW transition of the quasi-particles which can result from a particular type of physics,
Hubbard for example. The reorganization of charge carriers at TMI which are supposed
to condense on a single chain chain below TMI [127], suggest however that our system is
closer to the polaronic materials presenting the Verwey transition [118], as was also pro-
posed by Mott [22]. With respect to the M.J.Rice mechanism of the phase-phonons [128],
we can extract no supplemental information regarding the symmetry of the Raman and
far-infrared phonons since their number is huge, and coincidence may easily happen. In
Fig. 4.9 we exemplify this by plotting the optical conductivity at 5K in both axes. In
optical conductivity it seems that there are phonons which have the same energy in both
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Figure 4.10: Optical conductivity for E‖b which presents the appearance of a continuum
around 100 cm−1. The dotted line is fit performed on the data with the Fano model
develop in Ref. [143].
polarizations, as the ones at 105cm−1 and 120cm−1. If so, they would prove the disap-
pearance of the center of inversion at 5K, but as we said, it may be just coincidence.
At low temperatures, in the metallic direction, spectral weight seems to be transferred
from the 50cm−1 region to 100 cm−1, giving rise to a continuum (see Fig. 4.10). The
existence of this continuum is made clearer by the presence of the phonon resonances which
sit like ”dips” on the top of it, confirming a strong electron-phonon coupling. Fig. 4.10
presents fits of the data within a Fano model developed in Ref. [143]. The phonons are
assumed to be Lorentzian with no strength in the absence of electron-phonon coupling,
and their width is set to zero. They acquire then their strength, width and shape only
through a single parameter, which is the coupling strength. As we can see, good fits
have been obtained, with the strength of phonons of 2, 2.2, 1.8 cm−1. The origin of the
continuum is still unclear, but it must be remarked that some excitations at low energies
have been observed in other CDW systems as well. In K0.3MoO3 an excitation around 40
cm−1 was assigned to a bound collective mode resonance.
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4.6 Discussion
An important clue for the interpretation of the optical spectra below 10000 cm−1
is provided by the observation that while a gap opens in the optical spectrum and the
DC-resistivity below 136 K, the magnetic susceptibility is almost unaffected by the metal-
insulator transition (see Fig.4.2). If the gap were of the garden variety like in silicon, the
spin-fluctuations would become strongly suppressed below the same temperature where
the optical conductivity becomes gapped. However, in β−Na0.33V2O5 there is no forma-
tion of a spin-gap when charge transport gets suppressed below TMI=136 K [17]. This
aspect of the data reflects the presence of strong on-site Hubbard-type repulsions between
the charge carriers, which in one-dimension causes the electrons to behave like spinless
fermions, and it may thus be an experimental candidate for the material which can re-
produce the main theoretical expectations of the partly occupied Hubbard chain: spin
charge separation, and fractionalization of the charge [144]. This can be due to the pola-
ronic character of the charge carriers and/or a Hubbard model with a large ratio of the
on-site Coulomb repulsion U to the band width W . Supporting this, no changes in the
optical spectrum of β−Na0.33V2O5 are detected at the magnetic transition temperature
TMagn= 22 K. The relative independence of the spin and charge channels has been noticed
before for the Bechgaard salts [145], the presence of a pseudogap in the optical excitations
being opposed to the absence of a gap for spin excitations. A large peak at IR region and,
in addition, an in-gap mode was also observed.
Another important clue is provided by considering the optical response of the charge
carriers. As discussed above, the integrated spectral weight of the mid-infrared feature
for E ⊥ b corresponds to n∗(10000cm−1) ' 0.10 electrons per V atom (see inset of
Fig. 4.5), which is rather close to the nominal chemical doping of n = 0.166 electrons per
V atom. The difference between n and n∗ can be easily understood from the fact that, in
these transition metal oxides, the effective mass of the electrons is about 2me. The high
oscillator strength of the mid-infrared peak as given by the value of n∗ shows that it arises
from the doped charge carriers. In contrast, the spectral weight of the low frequency part
up to 1500 cm−1 is about 10% of the total mid-infrared feature (see inset of Fig. 4.5).
Finally, the relative intensity of the low frequency spectral weight is almost independent
of temperature above TMI' 136K.
From studies of the Hubbard model in one dimension we know that part of the intra-
band spectral weight shows up as a band of mid-infrared excitations. However, these
studies have also demonstrated that for doping far away from half-filling of the Hubbard
band, the intensity of the mid-infrared band is less than 20 % of Drude spectral weight[125,
126]. This rules out an interpretation of the mid-infrared peak in β−Na0.33V2O5 in terms
of a pure Hubbard model. At the same time we underscore the crucial role of Hubbard-
type correlations for the independence of the spin response from the charge-gap in this
material.
The most trivial explanation of the 3000cm−1 peak (”MIR peak”) would be that it is
a direct transition between bands which are formed as a result of the Umklapp-potential
of the Na-superlattice below 240 K. However, the potential landscape caused by the Na
ions becomes random above 240 K. Although even a random potential would give rise
to a mid-infrared peak, the position of the mid-infrared peak would become strongly
72 CHAPTER 4. CHARGE ORDERING SIGNATURES IN THE OPTICAL PROPERTIES OF β−NA0.33V2O5
temperature-dependent in such a scenario, in contrast to our experimental observations.
The remaining candidate for the mid-infrared band is to assume that the charge carri-
ers are small polarons. Derived basically from the Frank-Condon model, the small polaron
peak [117] can be viewed classically as an instantaneous transition from a localized state
to a neighboring localized state in a rigid ionic environment. The environment responds
to the new electronic configuration by emitting a wave package of multi-phonon oscilla-
tions, the envelope of which corresponds to the line shape of a polaron. It acquires not
only a peak at several times the frequency of phonons, but also a finite conductivity at
low frequencies. Our mid-infrared feature has a finite conductivity at low frequencies.
The small polaron optical line shape, being influenced by the movement of ions, depends
strongly on temperature [117]. This is indeed what we observe for the mid-infrared feature
in its high frequency part (see Fig. 4.6a). The low frequency part is unchanged down to
the TMI = 136K, in contrast to what is expected[117] and measured[130] for the small
polarons. This unexpected behavior may have a connection to the disorder potential cre-
ated by the Na atoms, which could smear out the influence of the temperature at low
frequencies. As discussed above, the measured intensity of the 990 cm−1 phonon which
gradually develops in the insulating direction below TNa being fully developed at TMI (see
inset of Fig. 4.7), strongly suggest that the MIT takes place at a temperature where the
Na atoms are fully ordered.
The zig-zag ordering of Na ions induces an alternating potential Vn = (−)nV0 on
vanadium sites, which in principle opens a charge gap 2V0. This gap must be rather small,
as apparently it has little effect on the transport and optical properties of this system
below TNa. A strong reduction of the amplitude V0 could come from a near cancellation
of the electric fields from the neighboring rungs of the zig-zag ordered sodium ladder, since
this can be viewed as a collection of dipoles aligned alternatively in opposite directions.
Importantly, such a cancellation occurs in the ordered state, and in the exact stoichiometry
only: for totally random positions of the Na ions, the potential on vanadium sites is also
random and its amplitude is about five times larger than the amplitude V0 in the ordered
state. This would explains naturally why the resistivity along the b-direction shows a
decrease below the sodium ordering temperature (being almost constant above) [17], and
possibly also the insulating behavior of non-stoichiometric samples. A large random
potential on the vanadium sites also strongly suppresses the instability towards a periodic
state, which is probably why the metal-insulator transition is delayed until Na ions become
almost fully ordered. This supports the picture in which the Na zig-zag chain units form
below TNa [17], and not above [136].
The small influence of the MIT transition on the magnetic susceptibility suggests thus
a polaronic picture and/or a Hubbard model in which electrons propagate along chains
with a large ratio of the on-site Coulomb repulsion to the band width. In the latter case,
electronic charges and spins are decoupled: the charge excitations in a partially filled
chain are spinless fermions, while the spin excitations are spinons [146]. A fermion band
is unstable towards a Peierls-like transition into an insulating charge-density-wave (CDW)
state. Such a transition could take place at TMI where the tripling of the unit cell in the
chain directions was observed. The tripling may be obtained for some particular electron
filling of the occupied chains. A strong electron-lattice coupling could also result in a spin-
Peierls type of transition, which could open a spin gap [144], but instead, a transition
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into a canted antiferromagnetic state was found at TCAF = 22 K[19, 20], indicating the
importance of interchain spin interactions. The type of polaron, magneto-elastic polaron
or spin-polaron may not be determined with certainty from our data. It may well be that
both types of renormalization of the bare electrons are involved[147].
4.7 Summary
In summary, optical spectra have been presented for β−Na0.33V2O5. The spectra
show a delayed opening of a charge pseudogap at a MIT temperature TMI = 136 K,
well below the Na ordering transition at TNa ≈ 240 K, and support a picture in which
the Na atoms order gradually, allowing the formation of the ordered electronic state at
TMI . Both the mid-infrared peak at 3000 cm
−1 and the observation of strong electron-
phonon coupling support the picture that the charge carriers in β−Na0.33V2O5 should
be regarded as small polarons. The strong Hubbard-type interactions are responsible for
the observed independent behavior of the spin and charge channels at the metal-insulator
phase transition.
Below the phase transition the insulating state is a charge ordered phase. Future ex-
periments will have to establish the detailed nature of the charge ordered state. Although
in a way a regular array of polarons also represents a CDW, a distinguishing feature in
this case, is that in an ordinary CDW the spin- and charge sectors should be gapped
simultaneously, which clearly does not happen in β−Na0.33V2O5 at 136 K, and the spin
even orders at a still lower temperature. The nature of the crystallographic phase transi-
tion at 136 K (i.e. the tripling of the unit cell along the chains) suggests that below 136 K
the charges have become ordered with a commensuration of order 3 on the three different
types of V-chains and ladders in the unit cell. This would imply that the doped charges
are distributed equally over all V-atoms or in a 2/3-1/3 ratio over the V1 and V2 atoms,
resulting in a high degree of dilution. This is a favorable condition for the formation of
small polarons, consistent with the above interpretation of the spectra.
The presence of a strong electron-phonon coupling leads to the appearance of a large
number of optical phonons below TMI , in a similar way as the CDW systems[119, 120]
below the Peierls temperature, and polaronic materials [118] below the Verwey transition
temperature.
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